We have investigated the magnetic properties of slightly doped multiferroic TbMnO 3 after application of a magnetic field . The study focused on compositions TbMn 1-x A x O 3 (x≤0.1) with A= Ga, Sc, Co and Al. The replacement of Mn by Ga, Al or Sc proved to be isovalent while the addition of Co leads to a partial charge transfer as 
TbMn 0.9 A 0.1 O 3 compounds that are ascribed to the Tb-sublattice. Powder neutron diffraction was used to determine the changes in the magnetic structure with applied magnetic field revealing a strong increase of F-and C-type magnetic reflections in these compounds. These results are accounted for by the anisotropic response of the Tb sublattice to a magnetic field while the Mn sublattice remains unchanged.
Highlights:
• We replace Mn by different cations in the multiferroic TbMnO 3 .
• We monitor the effects of substitution in macroscopic properties.
• We determine the magnetic ground state of the doped compounds.
• We identify metamagnetic transitions in the Tb sublattice.
• We model the magnetic ordering at high magnetic fields.
Introduction.
TbMnO 3 belongs to the family of magnetoelectric multiferroics [1] and undergoes on cooling three consecutive transitions [2] . The Mn sublattice orders antiferromagnetically (A-type) at T N1~4 1 K. The order is incommensurate with a wave vector k Mn =(0, q Mn~0 .295, 0) at T N1 [3] . The Mn moments are sinusoidally modulated and oriented along the y-direction [3, 4] . On cooling, a spin rearrangement of the Mn moments yields an elliptical spiral in the bc-plane at T N2 ~27 K. This transition is coupled to a ferroelectric phase transition with spontaneous polarization parallel to the c-axis [2] . Finally, the Tb-sublattice develops an incommensurate magnetic ordering at T N3~8 K with a different propagation vector k Tb = (0, q Tb~0 .42, 0) [5] .
Replacing Mn by a non-magnetic ion weakens the magnetic ordering of the Mnsublattice and is also detrimental to the ordering of the Tb moments and to the ferroelectric transition [6, 7] . This fact reveals the great importance of the magnetic coupling between Mn and Tb moments, J Mn-Tb , for the occurrence of ferroelectricity in this system. Moreover, small substitutions affect only slightly the magnetoelectric properties of the Mn sublattice but influence strongly the magnetic ordering of the Tb moments suggesting that this ordering is determined by the competition between J Mn-Tb and the direct coupling between Tb moments, J Tb-Tb [6] . A different behavior is expected for the replacement of Mn by Co. This type of substitution is reported to be not isovalent in related systems [8, 9] [10, 11] .
The magnetic interactions of these materials can be influenced as well by a magnetic field. The existence of metamagnetic transitions in Tb-based perovskites [12, 13] including TbMnO 3 are well known [14] . These transitions were ascribed to the strong anisotropy of Tb 
Results.

Macroscopic properties.
All samples are isostructural as can be deduced from the x-ray patterns. They adopt the orthorhombic structure typical of TbMnO 3 (Pbnm space group). Figure 1 shows the pattern of a representative sample. The substitution of Mn by another cation leads to changes in the unit cell size in accordance with the tabulated size of the inserted cation [17] . The inset of Fig shifted to the right [10] . Therefore the contraction observed on Co substitution may also be ascribed to the formation of small . These results agree with the importance of the non-linear magnetic structure of Mn-moments to develop ferroelectricity in Tb-based manganites [19] . In sample where this ordering is strongly weakened or vanished, there is not transition related to the ferroelectric transition in C p curves.
The magnetic susceptibility of these samples has been already reported [10] . All compounds show a paramagnetic behavior at high temperature and the Curie-Weiss law is obeyed above 100 K with the expected contribution from the paramagnetic cations.
At low temperature, the susceptibility curves show a peak at ~5 K indicating the occurrence of magnetic ordering in the Tb sublattice. The only different behavior concerns TbMn 0.9 Co 0.1 O 3 where spin-glass-like properties are observed [10] .
Magnetic phase at zero field.
The magnetic ground state was studied by powder neutron diffraction. Figure 3 shows the neutron patterns collected at 2 K for these samples. 
Metamagnetic transitions.
A common characteristic in the Tb-based perovskites, including TbMnO 3 , is the existence of metamagnetic transitions [12, 13] , i.e. spin rearrangements induced by an external magnetic field [20] . We have recently characterized the nature of this type of transition in a single crystal of TbMn 0.9 Al 0.1 O 3 [18] . This section will be focused on the study of the metamagnetic transitions in TbMn 0.9 A 0.1 O 3 samples where A=Ga, Sc and Co. Figure 4 shows the magnetic hysteresis loops measured at 5 K for these samples.
The isothermal magnetization shows an anomalous step at ~2 T for all samples revealing a field induced magnetic transition. The shape is the same for these 9-Apr-2013 measurements independent of the existence (Sc-and Ga-doped samples) or nonexistence (Co-based sample) of a magnetic ordering of the Mn-sublattice. This fact suggests that the Tb-sublattice plays an important role in determining the metamagnetic transitions. Finally, the magnetic moment at 5 T is similar for Ga-and Sc-based samples and slightly higher for the Co-doped sample. This effect may be ascribed to the additional paramagnetic contribution from Mn/Co-sublattice in the latter sample (lack of AFM order in the Mn-sublattice). growing peaks can be indexed with a propagation vector k=(0,0,0) and the most significant increase corresponds to C-and F-type reflections as can be seen in Fig. 6 where the dependence on the magnetic field for some reflections is shown. It is well known that magnetic ordering of Mn-moments with k=(0,0,0) can be described, using symmetry analysis, by four modes denoted as A, C, F and G [21] . Similar modes can be used for the Tb-ordering but it is worth remembering that this atom is placed in different point symmetry and has different extinction conditions. For example, the C-type ordering of Tb-moments also shows magnetic contribution in the (0 1 1) reflection whereas a FM ordering also contributes to the (1 1 1) In order to ascertain the type of magnetic ordering induced by the magnetic field, we have refined the neutron patterns taking into account the previous results in related compounds [13] . Due to a strong Ising anisotropy, Tb 3+ moments are usually ordered in non-collinear structures in the ab-plane and the interaction with an external magnetic field changes the magnetic alignment. Due to this anisotropy, the final configuration of each grain in a polycrystalline sample strongly depends on its geometric orientation with respect to the magnetic field. This makes a quantitative study on polycrystalline samples very difficult but important qualitative information can still be extracted. A study on a TbMn 0.9 Al 0.1 O 3 single crystal [18] with H||b revealed a metamagnetic transition of the Tb 3+ moments. At high fields, they adopt the C x F y structure following the Bertaut's nomenclature [21] . This implies that moments are ferromagnetically aligned along the y-direction while a C-type AFM ordering is observed for the xdirection. This type of ordering also accounts for the occurrence of F-and C-type reflections in the neutron pattern at high fields for the present TbMn 0.9 A 0.1 O 3 samples 9-Apr-2013 (A=Sc, Ga or Co). The ferromagnetic component along the field direction suggests that in the case of H||a, the most plausible magnetic structure would be F x C y . Our attempts to refine the neutron patterns at high fields with a combination of both structures for Tbmoments (shown in figure 8 ) yielded satisfactory results with the only exception of the lack of intensity for (100) and (010) reflections. The absence of these reflections in the experimental pattern can be understood taking into account the geometry of our experimental setup outlined in figure 9 . The magnetic field is vertical and perpendicular to the scattering vector. When the diffraction condition is fulfilled for the (1 0 0) reflection -or the (0 1 0) one-in a particular crystallite, its scattering vector is perpendicular (not parallel) to the magnetic field and therefore the FM ordering along the scattering direction in very disfavored so that this crystallite cannot adopt the F x C y magnetic structure -or the C x F y type magnetic structure for the (0 1 0) case-and there is no magnetic contribution to this reflection. Therefore, we have modeled the powder neutron patterns excluding the 2 range of (010) and (100) reflections and including the magnetic contributions of the AFM ordering of the Mn 3+ moments and of the two magnetic structures of the Tb 3+ moments ( Fig. 8a and 8b ). For the Co-doped compound, only the magnetic contribution from the Tb-sublattice was considered (Fig. 8c) . The refined magnetic moment for Mn atoms is 2.89(6) and 3.92(6) for TbMn 0.9 Sc 0.1 O 3 and TbMn 0.9 Ga 0.1 O 3 samples, respectively.
These results suggest a more complete Mn-ordering in the Ga-based sample in agreement with its larger -anomaly in the Cp-measurements (see Fig. 2 ).
Regarding the ordering of Tb moments, only qualitative information can be extracted. Our refinement suggests a higher contribution from the F x C y phase with respect to the C x F y one. This may indicate that the Ising direction is closer to the a-axis.
Previous studies in related systems [12, 13] 
